Purpose: This study evaluated the excursion necessary to accommodate common motions of daily living and associated strain on the radial nerve. The radial nerve was evaluated at the wrist and proximal to the elbow before it bifurcated. Methods: Five fresh-frozen transthoracic cadaver specimens (10 arms) were dissected; the radial nerve was exposed at the elbow and wrist only enough to be marked with a microsuture. Excursion was measured using a laser mounted on a caliper fixed to the bone and aligned in the direction of nerve motion. Strain was measured with a device applied to the nerve at the elbow. Nerve excursion associated with motion of the shoulder, elbow, wrist, and fingers (measured by a goniometer) was assessed at the wrist and elbow. Results: An average of 4.3 mm of radial nerve excursion was required at the wrist to accommodate wrist motion from 15°of radial deviation to 30°of ulnar deviation and 8.8 mm was needed for elbow motion from 10°to 90°. The radial nerve at the elbow experienced a 28% strain associated with the same motion of flexion and extension at the elbow. When all the motions of the wrist, fingers, elbow, and shoulder were combined 9.4 mm of radial nerve excursion was required at the wrist and 14.2 mm at the elbow. Conclusions: Any factor that limits excursion at these sites could result in repetitive traction of the nerve and possibly could play a role in the pathophysiology of a mechanical neuropathy, which in the case of the radial nerve most often manifests as pain. (J Hand Surg 2005;30A:990 -996. 
Radial tunnel syndrome and Wartenberg's disease are 2 clinical entities that may be caused by mechanical irritation of the radial nerve. 1, 2 Tension, motion, and friction all are known to be factors but their exact roles have not been delineated. The effect of tension on nerve conduction, blood flow, and histology has been studied in animal models. [3] [4] [5] [6] Nerve motion relative to fixed structures also has been implicated 7, 8 and stress-strain phenomena have been shown to exist in peripheral nerve trunks. 9 Median and ulnar nerve excursion and strain at the elbow and wrist associated with upper-extremity motion have been shown previously. 10 The purpose of this study was to establish the relationship between radial nerve excursion at the wrist and elbow and the movement of the shoulder, elbow, wrist, and fingers. Radial nerve strain was measured at the elbow during specific upper-extremity movements.
Materials and Methods
Five fresh-frozen transthoracic cadaveric specimens (10 extremities) were obtained and stored at -18°C (0°F). Transthoracic specimens were used to ensure preservation of the normal nerve root attachment at the spinal cord. Immediately before testing the specimens were thawed at room temperature. Each specimen was mounted on a flat platform articulated at the shoulder to facilitate planar abduction/adduction of the glenohumeral joint. Care was taken to center the glenohumeral joint at the midpoint of the fixture's rotation. The proximal humerus was secured to the articulated carrier with a Steinmann pin. A second midhumeral pin finalized stabilization of the segment. The thoracic spine also was fixed to the carrier. Pronation/supination of the forearm was set at 30°of supination with a pin across the radius and ulna. The radial nerve was exposed with minimal disruption of the surrounding soft tissues at the elbow (4 -6 cm proximal to the lateral epicondyle) and at the wrist (5-6 cm proximal to the tip of the radial styloid). Only one major, easily identifiable, nerve branch exists at this level; minor branches volar or dorsal were not used. The surrounding soft tissues were preserved to prevent altering the mechanics of the nerve path around the elbow and wrist.
A digital caliper (Vernier) was modified to include a laser marker. This system was fixed to the skeleton with a Steinmann pin and an articulated positioning fixture allowing 3 degrees of freedom. The axis of the caliper was positioned carefully to track along the local line of the nerve (Fig. 1) . Under 3.5ϫ loupe magnification a reference micro-suture marker was placed in the ulnar nerve and the laser/caliper was positioned to correspond to the suture reference marker. Relative motion of the nerve was measured using loupe magnification by traversing the caliper until the laser reilluminated the suture.
The initial arbitrary skeletal starting position was with the neck in neutral, face oriented straight forward, shoulder at 90°of abduction, elbow at 10°of flexion, forearm at 30°of supination, and wrist at neutral. The starting position in the hand was with the metacarpophalangeal (MCP), proximal interphalangeal (PIP), and distal interphalangeal (DIP) joints all at 0°. The elbow resting angle was held by the articulated carrier in 10°of flexion (neutral). Aids such as plastic splints and interim wire placement were used to help maintain the joint positions during testing. These included crossed K-wires for pronation-supination and exchangeable plastic splints for the wrist, MCP, PIP, and DIP joints. Radial nerve excursion and strain at the elbow were monitored for each isolated joint motion. All component movements began at the starting position (or resting position) defined earlier. Nerve position measurements were repeated 3 times for all cases. Excursion and strain measurements were first performed using the following sequenced movements:
1A. Shoulder was moved from the resting position to 110°abduction and returned to the resting position. (Care was taken to maintain all the other joints in their respective starting positions.) 1B. Shoulder was moved from the starting position of 90°abduction to 30°abduction and then returned to the starting position. 2. Elbow was flexed to 90°and returned to neutral (10°of flexion). 3A. Wrist was moved from neutral (0°) to flexion of 65°. 3B. Wrist was moved from neutral (0°) to extension of 60°. 3C. Wrist was moved from neutral (0°) to radial deviation of 15°and back to neutral. 3D. Wrist was moved from neutral (0°) to ulnar deviation of 30°and back to neutral. 4A. Wrist was placed in 30°supination, pronated 60°, and moved back to the starting position. 4B. Forearm was rotated from resting position of 30°supination to 70°supination. 5A. Fingers were moved from 35°MCP joint hyperextension (with PIP and DIP joints at 0°) back to MCP joint at 0°. 5B. Fingers were moved from the resting position to 90°at the MCP and PIP joints and 70°at the DIP joint level.
The same sequences then were repeated to monitor radial nerve excursion at the wrist.
Further excursion and strain data were obtained at the wrist and elbow using the combinations of movements that previously gave the greatest individual excursions. (Motions requiring the greatest distal excursion were combined with motions needing the greatest amount of proximal excursion.)
Strain of the radial nerve at the elbow was measured for the upper-extremity motions previously outlined using a strain gauge (Microstrain Differential Variable Reluctance Transducer; Microstrain Inc., Burlington, VT). Strain was not recorded for the radial nerve at the wrist because the nerve at this level was too small to measure strain accurately with this device. The strain gauge was calibrated and fixed to the radial nerve by 2 sharp pegs with the joints in the resting position (Fig. 2) . The instantaneous strain was recorded on a chart recorder (Linear model 1200 strip chart recorder; Linear Instruments Co., Irvine, CA) and verified with a digital voltmeter (Fluke model 73 Multimeter; Fluke Mfg. Co., Everett, WA).
Pearson correlations were used to determine the relationship between the magnitude of nerve excursion and strain. Differences between wrist and elbow nerve excursions and elbow strains were examined using Student t test. A chi-square test was performed to determine the relationship between the direction of excursion (proximal or distal) at the wrist and elbow. Chi-square tests also were used to evaluate the relationship between the excursion direction and strain direction at the elbow. Statistical software (SAS/ Windows, version 6.07; SAS Institute, Cary, NC) was used for all analyses with a significance level set at a p value of .05.
Results
Intraobserver reliability was high for both excursion and strain measurements, with Pearson correlation coefficients between 0.95 and 0.99 (based on 3 trials). Interobserver variability was low for both excursion and strain measurements, with no statistical difference noted between measurements taken by 2 observers (p Ͼ .05).
Radial Nerve Excursion-Wrist
The results of radial nerve excursion at the wrist are summarized in Table 1 . A positive number indicates that the nerve moved distally and a negative number indicates that it moved in a proximal direction. Specific movements requiring more than 2 mm on average of radial nerve excursion at the wrist were ulnar deviation (ϩ4.3 mm distal) and wrist flexion to 65°(ϩ2.1 mm distal). Other limb motions caused smaller amounts of radial nerve excursion. The composite limb position that elicited the greatest distal excursion (ϩ7.6 mm) of the radial nerve at the wrist was with the shoulder at 30°abduction, elbow at 90°flexion, wrist ulnarly deviated, wrist flexed, and fingers extended. The upper limb composite position that created the greatest proximal excursion (Ϫ1.8 mm) of the radial nerve was with the shoulder at 110°abduction, elbow at 10°prona-tion, wrist extended, and fingers extended. The total radial nerve excursion at the wrist needed to accommodate the entire range of composite limb motions measured was 9.4 mm.
Radial Nerve Excursion-Elbow
Specific upper-extremity motions that required more than 2 mm of radial nerve excursion at the elbow included elbow flexion (Ϫ8.8 mm proximal) and shoulder abduction at 110°(Ϫ3.1 mm proximal). Smaller amounts of nerve excursion that were necessary for other movements are noted in Table 2 . The greatest distal excursion of the radial nerve at the elbow occurred with the composite motion of the shoulder at 30°abduction, elbow at 10°, ulnar deviation of the wrist, wrist flexion, and finger flexion (ϩ2.8 mm distal). The greatest proximal migration of the radial nerve at the elbow resulted with the shoulder at 110°, elbow flexed to 90°, and all other joints in their starting positions (Ϫ11.4 mm proximal). The NOTES. Excursion (ϩ), nerve moved in distal direction; excursion (-), nerve moved in proximal direction. Strain (ϩ), nerve compression; strain (-), nerve tension. Composite (ϩ); shoulder at 30°abduction, elbow flexed 10°, ulnar deviation of wrist, wrist and fingers flexed. Composite (-); shoulder at 110°abduction, elbow flexed, and all other joints in neutral.
total radial nerve excursion at the elbow needed to prevent impeding upper-extremity motion was 14.2 mm.
Radial Nerve Strain-Elbow
Strain on the radial nerve at the elbow decreased on average more than 15% when the elbow was in flexion (28% less tension). Other position changes resulting in smaller strains are shown in Table 2 . The composite position that created the greatest increase in strain of the radial nerve at the elbow was the shoulder at 30°abduction, elbow 10°of flexion, ulnar deviation of the wrist, wrist flexion, and finger flexion (7% more tension). A composite decrease in tension (12% less tension) was created by the position of shoulder abduction 110°, elbow flexed, and all other joints in neutral.
Statistical Results
When evaluating the direction of radial nerve excursion at the elbow and wrist the authors noted that certain movements result in a predictable direction of motion of the nerve at both the elbow and wrist ( Table 3 ). Movements that caused a significant correlation between motions in the same direction include shoulder abduction 110°(nerve moved proximal at wrist and elbow) and wrist flexion (nerve moved in a distal direction at wrist and elbow). Elbow flexion resulted in a significant correlation of nerve movement but this time in opposite directions. The radial nerve moved in a proximal direction at the elbow and in a distal direction at the wrist (Table 3) .
When strain direction and excursion direction were evaluated at the elbow there were 2 statistically significant correlations (Table 4) . These involved shoulder abduction at 110°(increased tension-proximal nerve excursion) and shoulder abduction at 30°( decreased tension-distal nerve excursion).
Discussion
Radial nerve-mediated pain is relatively common. There is significant controversy about whether or not the pathophysiology behind this painful entity is a compressive neuropathy. 11 At the time of radial nerve release at the elbow, however, evidence of a true compressive lesion is not observed consistently. 2, 12 Little attention has been focused on biomechanical effects such as nerve motion/gliding or stretching that are associated with routine movement of the upper-extremity joints and their possible contribution to the pathogenesis of peripheral radial neuropathies. Wright et al 10, 13 have reported excursion and strain data previously for the median and ulnar nerves at the wrist and elbow associated with the same movements that are presented in this article.
The relationship of tension and nerve blood flow has been well delineated by Clark et al. 4 They showed that an 8% strain in the rat sciatic nerve corresponded to a 50% diminution of blood flow and that 15% elongation produced approximately 80% reduction in blood flow to the nerve. The experi- ments by Ogata and Naito 3 using a hydrogen washout technique in the rabbit sciatic nerve showed that a 15% strain resulted in complete arrest of blood flow; these observations were supported further by the work of Lundborg and Rydevik. 5 Wall et al 6 also found nerve conduction to be affected adversely by increasing nerve strain, noting that a 6% strain for more than 1 hour resulted in a 70% decrease in nerve conduction velocity and that a 12% strain completely blocked nerve conduction. When these strains were removed the nerve conduction returned after a recovery period.
The results of the present study indicate that with elbow flexion the radial nerve at the elbow experiences strains of approximately 15% or greater, approaching levels reported as detrimental. In the case of elbow flexion, however, the nerve is experiencing less strain. If the limb's starting position was 90°e lbow flexion then in the process of extending the elbow the nerve would experience significant increased tension. This makes sense because the radial nerve at the elbow is anterior to the axis of rotation.
In our study the radial nerve required nearly 9 mm of excursion to accommodate elbow flexion and extension. Any process that limits this excursion will result in increased strain on the nerve at this location. Even shoulder abduction from 30°to 110°requires 4 mm of radial nerve excursion at the elbow. When the radial nerve at the wrist was evaluated only ulnar deviation required significant radial nerve excursion of 4 mm or more. This finding is not surprising because the radial nerve is far radial to the axis of rotation of the wrist for radial-ulnar deviation.
Because of the small size of the radial nerve at the wrist we were unable to record radial nerve strains at that site. Based on findings at other sites 11, 13 it is very likely that the radial nerve at the wrist experiences increased tension strain as the wrist is moved into ulnar deviation. We can speculate that strain may play a role in mediating pain along the radial nerve. A Finkelstein's test will tension the radial nerve, which may be responsible for causing radialsided wrist pain in addition to the pain caused by gliding the first dorsal compartment tendons below the retinaculum. These observations present the possibility that strain may contribute to decreased nerve function and pain, possibly exacerbated with repetitive motions. Although these positions usually are held only for brief periods of time cumulative damage may cause nerve injury. Thus external compression may work in synergy with traction, increasing the risk for injury to the radial nerve and perhaps resulting ultimately in pain. It is well beyond the scope of this article to make a direct connection between radial nerve excursion and strain and pain; nevertheless the pain often manifests at sites of maximum nerve motion.
Nerve traction may be a possible explanation for pain mediated by the radial nerve. Any process that might impede the normal excursion of the radial nerve likely will result in increased strain of the nerve. This neurodesis effect (tethering of the nerve) may cause ongoing radial nerve injury by creating increased nerve strain distal to the tether. This same concern occurs when any nerve has a neurolysis or is repaired. A particular problem with a repaired nerve is that early mobilization is not an option. 15 and LaBan et al. 16 Our results indicate that the radial nerve glides proximally and distally with upper-extremity movement both at the wrist and elbow in the healthy individual. This is consistent with previously reported findings concerning the median and ulnar nerves. 10, 13 The radial nerve response was similar to that of the ulnar and median nerves to wrist flexion and extension, however, the effect of ulnar deviation on the radial nerve was very different (Table 3 ). The explanation for this difference is that the median and ulnar nerves are located volar to the wrist axis of flexion-extension whereas the radial nerve is in line with this flexion-extension axis but is sited radial to the radial-ulnar deviation axis.
Another account in the literature of excursion measurement was from McLellan and Swash, 17 who recorded nerve excursion with electromyographic needle electrodes in live patients. Their data are not comparable with ours because of different combinations of upper-extremity movements but the directions of nerve movement reported in the 2 studies are similar.
Several shortcomings were identified for this project. Some dissection of the nerve was necessary to apply the strain gauge. Although the study was performed with fresh-frozen cadavers and attempts were made to keep these tissues moist some properties of the nerves and surrounding soft tissues may differ from the situation in vivo. Nerve wrinkling also posed a problem for strain measurement calculations because accurate length changes were not obtained when this occurred. Another limitation was that data were not taken in a continuous fashion throughout all attainable positions but only for certain specific joint positions.
The radial nerve requires approximately 15 mm (at the elbow) and 10 mm (at the wrist) of unimpeded movement to perform full motions of the upper extremity involving the shoulder, elbow, wrist, and fingers. If this normal nerve excursion is obstructed, a neurodesis effect-an increase in mechanical forces (strain)-is probable across any tethered portion of the nerve. This increase in strain may cause direct mechanical damage to the nerve or injury may result from ischemia, which likely occurs when a particular nerve experiences strain values greater than 15% of normal.
Even with normal range of motion the radial nerve at the elbow approaches strain levels that potentially could create direct mechanical problems, electrophysiologic effects, and/or a blood supply problem. The effect of strain over time may be involved in the pathogenesis of a pain-mediated neuropathy. Our results also may explain some failures with peripheral nerve surgery. These may result from tethering in the scar of the radial nerve (neurodesis), which causes increased tension as the extremity is moved through the full range of motion. Additional study is indicated to delineate further the potential effect of nerve strain and excursion on the pathogenesis of radial nerve-mediated pain.
